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INTRODUCTION
The aerodynamic characteristics of a wing in ground (WIG) effect craft is of special interests because of its wide applications not only during landing and take-off of airplanes but also for high speed water vehicle. When the wing with the small angles of attack operates in the proximity of the ground, the favorable aerodynamic characteristics can be achieved, which had been revealed by early researches, Raymond (1921) and Reid (1927) . The lift increases by a high-pressure air cushion under the wing and the drag decreases due to the reduction of the downwash velocity, Recant (1939) and Seerebrisky (1946) . Consequently, the lift-to-drag ratio generally representing the efficiency of an airplane becomes higher, as a result that the flight range of a WIG vehicle is wider than that of a conventional airplane for a given energy consumption.
Owing to these advantages of WIG vehicles, for several decades, various studies have been performed for two and three dimensional steady/unsteady numerical analysis of WIG by Nuhait and Mook (1989) , Mizutani and Suzuki (1993) , Chen (1995, 1996) , Han, Cho and Cho (2005) , Moon, Oh and Seo (2005) ; experimental studies by Fink and Lastinger (1996) , Kim, Suh, Lee and Kim (1997) , Zerihan and Zhang (2000) , Ahmed and Goonaratne (2002) , Zhang, Zerihan, Ruhrmann and Deviese (2002) ; the development of a WIG craft by Shin, et al. (1997) , Chun, Chang, Paik and Chang (1997) ; the stability analysis by Chun and Chang (2002) .
Recently, Ahmed and Sharma (2005) summarized well the experimental investigations into this problem. These studies have aimed at revealing the dependence of forces acting on the different wing configurations on the ground clearance. They have also concerned with understanding the WIG effect on the aerodynamic characteristics by experimentally examining the flow around a symmetrical airfoil of NACA 0015 with various angles of attack from 0° to 10° for the clearance varying from Corresponding author: Hyun-Sik Yoon e-mail: lesmodel@pusan.ac.kr the minimum possible value to one chord length. They showed that high values of pressure coefficients appears on the lower surface with decreasing the ground clearance, leading to high lift when the wing is close to the ground. Their results suggested that the pressure distribution on the upper surface does not change significantly regardless of the variation of the ground clearance at higher incident angles.
The other investigative tools of the aerodynamic characteristics of WIG are the theoretical and numerical methods. However, most of previous theoretical and numerical researches focused on the inviscid flow by using the panel method or lifting surface model.
In contrast to the inviscid flow, Chen (1995, 1996) numerically considered the steady two-dimensional WIG in the laminar viscous flow. They concluded that the airfoil with larger camber and smaller thickness give a higher lift-to-drag ratio. Moon, Oh and Seo (2005) numerically investigated three-dimensional cambered wing of NACA 4406 with 2 degrees angle of attack in ground effect for the aero-levitation electric vehicle at the Reynolds number of 6 2 10 × based on the chord length by solving three-dimensional incompressible Navier-Stokes equations with the turbulence closure model. They focused on the flow structure according to the configuration of the main and vertical wings by which the high lift-to-drag ratio changes.
Recently, Kim, et al. (2006) numerically investigated two dimensional turbulent flow simulations on the low Mach number -high Reynolds number flow about the NACA 4412 airfoil are carried out as the airfoil approaches a ground. It has turned out that angle of attack between 2 and 8 degrees is recommended for the airfoil to utilize the benefit of ground effect. For the large angle of attack, the increment of lift due to the ground effect is faded away and negative aerodynamic effect such as destabilizing aspect in static longitudinal stability occurs and the separation point moves to forward as the airfoil approaches a ground.
Although a great deal of computational research has investigated the WIG problem, only a few studies have considered the viscous flow and especially the turbulence model for the nature of a high Reynolds number. Thus, the present study numerically investigates the aerodynamic characteristics of two-dimensional wings in the vicinity of the ground by solving two-dimensional steady incompressible Navier-Stokes equations with the turbulence closure model. Under the present conditions, it is difficult to accurately capture a stall angle of attack and resolve relatively large and highly complex vortical structures, especially in the post-stall regime. This difficulty in accurately simulating the post-stall regime was pointed out by several authors such as Ravindran (1999) . Consequently, the present study focused on the mean flow characteristics in pre-stall regime.
For the systematical research, this work proceeds through the following steps. First, the aerodynamics characteristics of various two-dimensional NACA four-digit profiles are examined by considering their camber and thickness effects in order to select the one airfoil profile which gives a better performance in ground effect. Second, regarding the selected profile, the effect of the ground clearance ranging from 0.1 of the chord length to 1.25 of the chord length is investigated for various angles of attack from 0°to 10° on the aerodynamic characteristics. Finally, for the specified conditions of the ground clearance and the angle of attack where the highest value of the lift-to-drag ratio is obtained, the effect of the Reynolds number on the aerodynamic characteristics is researched, since the survey of the literature suggests that the WIG problem needs to be carried out for a high Reynolds number.
COMPUTATIONAL DETAILS
The commercial CFD package, FLUENT (2009) , is employed for all numerical predictions. The present study considers the two-dimensional WIG problem with the assumption of the steady incompressible viscous flow in order to simplify the physical problem. Therefore, the governing equations describing the steady incompressible viscous flow field in the present study are the continuity and Reynolds averaged Navier-Stokes equations:
where i x are Cartesian coordinates, i U are the corresponding velocity components, ρ is the density, μ is the viscosity, and P is the pressure. Also, (2) is the Reynolds stress term which has been closed by using the realizable k ε − model. The realizable k ε − model is employed as the turbulence model, because of its improved predictive capabilities compared to the standard k ε − model, and because of its ability to resolve portions of complex flows located very close to the surface. This model ensures that the turbulent normal stresses are always positive, which is consistent with the physics of complex turbulent flows. The standard wall function proposed by Launder and Spalding (1974) has been adopted to account for the overall resistance of the sublayer to momentum. With this scheme, the Reynolds averaged Navier-Stokes equations are solved numerically, in conjunction with transport equations for the turbulent kinetic energy and dissipation rate. The equations are solved by the SIMPLE algorithm with a second-order spatial discretization scheme based on a finite volume method. The convergence criterion of 10 -4 has been used for the present simulations. Further details of the implementation can be found in the FLUENT (2009) manuals. Fig. 1(a) shows the physical model of the two-dimensional WIG problem, the size of the computational domain and the coordinate system. The chord length of the wing is represented by C and the normalized ground clearance between the trailing edge and the ground by the chord length is defined as / h C . The size of the computational domain is 7 1 0
for the streamwise and vertical directions, respectively. A no-slip boundary condition is imposed on the surface of the wing while the symmetry condition is set for the far-field boundary. A uniform flow with the free-stream velocity (U ∞ ) and low turbulent intensity and the convective condition are applied on the inflow and outflow boundaries, respectively. The moving wall boundary with free-stream velocity is specified at the ground surface. The minimum vertical grid spacing on both the wing and the ground surface is chosen about considered in this study. In order to capture accurately the separating shear layers on both the wing and the ground, the grids are distributed nonuniformly near these regions, especially in the gap and the wake regions. To consider the variation of ground clearance, dense resolutions near both of the wing and the ground surface and area under the wing are maintained. Fig. 1(b) shows the typical grid distribution near the wing at the angle of attack of 0° for the ground clearance of 0.1 and the ground surface. In order to consider the variation of the gap ratio, the number of grid points used in the y direction is tuned to maintain the dense resolution near the wing, moving wall and in the gap spacing. The grid-dependency study has been confirmed with the coarse, medium and fine grids of (grid-C), respectively. Table 1 shows the lift, drag coefficients for the different grid sets. The comparison indicates that the similar results are given by grid-B and grid-C. Therefore, grid-B is seen to be reasonable for flow predictions and it will be used for the following calculation. However, after stall occurs experimentally at the angle of attack of about 12°, the differences between the two-dimensional simulations and the experiment appear. These differences are attributed to inherent unsteady thee-dimensionality in the flow originated by the relatively large and highly complex vortical structures separated from the leading edge, which cannot be accurately resolved with a two-dimensional model. This hardness to accurately simulate the post-stall regime was pointed out by the several authors such as Ravindran (1999) .
Even though two-dimensional results of the present study and Duvigneau and Visonneau's computation (2006) show the delay of stall and the difference of the magnitude in the post-stall regime, forces according to the angle of attack reveal the similar pattern that the magnitude drops after stall and then increases. However, from these results in Fig. 4 , it is concluded that the present simulations under the assumption of the two-dimensional steady turbulence are more suitable for the pre-stall region. Thus, the present study focused on the mean flow characteristics in pre-stall regime of 0 1 0 α°≤ ≤°.
AIRFOIL PROFILE SELECTION
The present study considers five different 2-D wings of the same 4-digit family with a maximum deflection of camber of 4% of the chord, and the maximum camber is located at 40% of the chord. The aim of this preliminary test is to select a profile with the highest value of lift-to-drag ratio.
The five profiles of NACA 4406, 4409, 4412, 4415 and 4418 are depicted in Fig. 5 . Eventually, the profiles are tested at 2
Re 2 10 = × with the incoming turbulent intensity of 0.1% to select a profile with the highest value of lift-to-drag ratio. Table 2 shows the lift and drag coefficients for the five airfoils. The lift is found to be higher for the profiles with smaller thicknesses. The maximum lift coefficient of about 0.84 is found for NACA 4406; while for the largest thickness profile of Hsiun and Chen (1995) and Moon, Oh and Seo (2005) and Loftin and Smith's (1949) α =°, near the leading edge, the suction and pressure effects occur on the lower and the upper surfaces, respectively, regardless of / h C . Consequently, in this region, the pressure on the upper surface is higher than that on the lower surface, which means that the value of P C − on the lower surface is larger than that of P C − on the upper surface as shown in Fig. 7(a) . After passing the region near the leading edge, the pressure distribution undergoes the opposite trend to that near the leading edge, resulting in a higher pressure on the lower surface than on the upper surface. Since the cambered wing has a high flow divergence, the higher pressure is distributed on the lower surface through the chord length, except for the area close to the leading edge.
When the angle of attack is imposed on the wing, the distribution of P C is considerably changed from that of P C for 0 α =°, especially near the leading edge, as shown in Figs. 7(b-d) . However, in the range of 0 1 0 α°≤ ≤°, it can be demonstrated from Figs. 7(b-d) that a similar pattern of P C variation occurs along the wing surface according to / h C , which can be supported by the similar flow pattern observed in Figs.6 (b-d) .
On the upper surface, in the proximity of the leading edge, the pressure becomes very low because the suction effect becomes strong as the stagnation point moves toward the lower surface with increasing α . Namely, the high positive value of P C − appears in the proximity of the leading edge as shown in Figs. 7(b-d) . As we move toward the trailing edge on the upper surface, the pressure augments. At the fixed α , with increasing / h C , the pressure on the upper surface slightly reduces. This reduction rate of pressure according to / h C increases with increasing α .
On the lower surface, the pressure changes rapidly from the low state to the high state in the proximity of the leading edge, corresponding with the positive value of P C − decreasing quickly with the negative value of P C − . After the pressure reaches the maximum in the proximity of the leading edge on the lower surface, it slightly decreases. As α increases, the location of the maximum pressure corresponding to the negative peak of Re 2 10 = × as previously shown in Fig. 7(b) .
Effect of Reynolds number
Consequently, over the entire range of the chord length, the pressure on the lower surface is higher than that on the upper surface, which means that the value of P C − on the upper surface is larger than that of P C − on the lower surface as shown in Fig. 11 . On the upper surface, as Re increases, the pressure becomes lower. In contrast, on the lower surface, the pressure becomes higher with increasing Re . This dependency of pressure on Re is more distinguished as we move to the trailing edge. Fig. 12 shows the drag and lift coefficient and the lift-to-drag ratio as a function of the Reynolds number. As shown in Fig.  12(a) Re 2 10 ≥ × , this value tends to be converged as shown in Fig. 12(b) . As Re increases, the lift-to-drag ratio increases linearly as shown in Fig. 12(c) . The increment of f is governed by the linear function of f~ a · Re, where α is the slope with the value of about 66. Re 2 10 = × . In the range of 0 1 0 α°≤ ≤°, the mean flow showed almost the same pattern without the flow separation. However, the stagnation point slightly moved from the leading edge to the lower surface with an increasing angle of attack. In general, the higher pressure is distributed on the lower surface through the chord length because the cambered wing has a high flow divergence regardless of the angle of attack. For all the angles of attack considered in this study, the variation of l C and d C was negligible over a certain distance from the ground. The maximum lift-to-drag ratio ( / 2 10 Re 2 10 × ≤ ≤ × . The dependency of l C and d C on the Reynolds number was significant in low Reynolds numbers. The lift-to-drag ratio increases linearly with an increasing Reynolds number. Although the present study does not consider the wide range of ground clearances and angles of attack, it raises the understanding of the ground effect at a high Reynolds number.
